INTRODUCTION
The regulation of enzymic activity is of great interest for biochemical research purposes and for a number of applications in medicine, physiology, pharmacology, toxicology, agriculture and industry. Inactivation of enzymes from any biological source can be achieved by several agents, such as inactivating substrates and irreversible inhibitors, inactivators with increasing selectivity and minor secondary effects. The most irreversible inhibitors are directed to the active site of the enzyme, because of their structural similarities to substrates, and show fully competitive kinetic behaviour (Silverman, 1988; Sandler and Smith, 1989; Sigman and Boyer, 1990) .
Enzyme inactivation by site-directed irreversible inhibitors has been mainly characterized by using discontinuous methods. Each inactivation assay involves preincubation of the enzyme with the inhibitor and removal of samples for measurement of residual activity (Kitz and Wilson, 1962; Malcom and Radda, 1970) . The reliability of this method is limited by the inactivation continuing to take place in the assay sample. Another drawback is that its use is limited to slow inactivation processes (Tsou, 1988; Tipton, 1989) . Better alternative methods exist based on mixing the enzyme with the inhibitor in the presence of an auxiliary substrate and continuously recording a detectable species such as the product of the reaction. Thus continuous methods involving a single auxiliary substrate (Tian and Tsou, 1982; Tsou, 1988) or a series of coupling reagents in steps catalysed or not by enzymes (Teruel et al., 1986 (Teruel et al., , 1987 have been developed and experimentally applied.
initial to a final steady state, the rates of which are described by exact analytical equations. At high inhibitor concentrations, however, the product accumulation can be described by an exact uniexponential equation. This simple and efficient method has been applied to the kinetic study of trypsin inactivation by p-amidinophenylmethanesulphonyl fluoride, near the optimum pH of the enzyme. The dependence of the final steady-state rate on the substrate concentration shows apparent positive cooperativity which has not previously been reported. The kinetic origin of this type of co-operativity is predicted by one of the exact analytical equations derived here. The instability of new protein and non-protein irreversible inhibitors has to be carefully characterized to prevent true unstable irreversible inhibitors being wrongly described as allosteric reversible inhibitors.
Kinetic study of unstable site-directed irreversible inhibitors has also been carried out by using discontinuous methods (Purdie and Heggie, 1970; Ashani et al., 1972; Rakitzis, 1974 Rakitzis, , 1985 Rakitzis, , 1987 Topham, 1985 Topham, , 1986 Topham, , 1987 Topham, , 1988 . These methods have the same limitations as described above for stable irreversible inhibitors but they are even more serious for inhibitors of high instability. The kinetics of these irreversible inhibitors, in the presence of an auxiliary substrate, can be described by the reaction mechanism shown in Scheme 1.
A continuous method for the study of these inhibitors has been proposed in a theoretical work (Topham, 1990) and discussed in other theoretical papers (Topham, 1992; Varon et al., 1992 (Barrett and Salvesen, 1986; Beynon and Bond, 1989) . Thus there are many irreversible inhibitors of serine proteases of the trypsin family, which include trypsin (Desnuelle et al., 1986; Neurath, 1989; Bode and Huber, 1992) and trypsin-like proteases involved in blood coagulation, fibrinolysis, activation of complement, generation of vasoactive products, development and self-assembly, as well as processing of bioactive peptides and protein hormones (Cunningham and Long, 1987; Festoff and Hantai, 1990) . Among these irreversible inhibitors, there are several sulphonyl fluorides (Gold, 1967;  Abbreviations used: APMSF, p-amidinophenylmethanesulphonyl fluoride; ZLSBE, N--carbobenzoxy-L-lysine thiobenzyl ester.
* To whom correspondence should be addressed. (Laura et al., 1980) . APMSF also inactivates human tryptases (Tanaka et al., 1983 ), but does not inhibit chymotrypsin or acetylcholinesterase. It stoichiometrically inactivates trypsin and thrombin, blocking the active-site serine residue (Laura et al., 1980) . Irreversible inhibition of trypsin by APMSF has been carried out using a discontinuous method at pH 6.8 (Laura et al., 1980 by monitoring the appearance of 4-thiopyridone at 324 nm (Castillo et al., 1979; Green and Shaw, 1979) .
Spectrophotometric assays of trypsin activity on ZLSBE and trypsin inactivation of APMSF in the presence of ZLSBE were followed by recording the appearance of 4-thiopyridone at 324 nm in the above-mentioned assay medium. Experiments were carried out with a Perkin-Elmer Lambda-2 spectrophotometer or, when full assay time was less than 100 s, with a Bio-Logic SFM-3 stopped-flow spectrophotometer. Both instruments were on-line controlled by IBM-XT-compatible computers through RS232C serial interfaces. Absorbance (Perkin-Elmer) and transmittance (Bio-Logic) data were exported in ASCII format and imported by using the Sigma Plot 5.0 program (Jandel Scientific, 1992) (Brocklehurst, 1979; Cornish-Bowden, 1979) ; rapid equilibrium or steady state for the action of S on E, i.e. Km = Ks = ksi/k+1 and kcat = kS+2 or Km = (k1 +kS+2)/kS+l and kcat = k-2 respectively; restricted steady state for the species included within the dashed box of Scheme 1, as their transformation steps occur in a time range very much shorter than the steps controlled by kh and k1. The molar fraction of each species has been derived by using a factorization method (Cha, 1968) .
The kinetic analysis was carried out by using the transientphase approach, previously applied to the study of enzyme inactivation by stable irreversible inhibitors (Teruel et al., 1986 (Teruel et al., , 1987 Tudela et al., 1986 Tudela et al., , 1987a and by inactivating substrates (Tudela et al., 1987b,c; Garcia Cainovas et al., 1987 Escribano et al., 1989; Varon et al., 1990) Expressions equivalent to eqns. (1) and (2) have been previously derived by other authors (Topham, 1990 (Leatherbarrow, 1990; Brand and Johnson, 1992) , using an improved Gauss-Newton algorithm (Marquardt, 1963) implemented in the Sigma Plot 5.0 program (Jandel Scientific, 1992) . This program yields the values of the parameters, their standard deviations, statistics that describe the goodness of fit and any possible overdetermination, as well as residual plots. These data have been used when needed to estimate the reliability of the fit and to discriminate among alternative equations by using the F test (Mannervik, 1982; Bardsley et al., 1986) . Initial estimations of the parameters were made as indicated in the Results and Discussion section. The reliability of the kinetic constants calculated from others is revealed by their standard deviations, which were evaluated taking into account their propagation of errors (Bevington, 1969) .
RESULTS AND DISCUSSION
In this section are detailed the steps of the experimental method developed for the kinetic study of unstable site-directed irreversible inhibitors, as well as its application to inactivation of trypsin by APMSF.
Assay conditions
The usual assay conditions for trypsin were chosen (see the Materials and methods section), involving a buffer near the optimum pH and ionic strength. The low proportion of organic cosolvent did not change the enzyme activity, whereas it improved the solubility of the coupling reagent. Concentrations of 0.3 mM 4,4'-dithiopyridine were used to secure first-order conditions for the coupling reaction as well as its fast operation without the introduction of an additional exponential term (Castillo et al., 1979; Green and Shaw, 1979) . Under these assay conditions, the instability of ZLSBE was negligible during the time of the activity and inactivation assays (results not shown). (Mannervik, 1982; Brand and Johnson, 1992) . Furthermore, the fits had no overdetermination and were not improved by additional exponential terms, according to the F test (Mannervik, 1982; Bardsley et al., 1986 (5) and eqn. (7) respectively.
Low [l]b
Instrumental recordings ( Figure Ib) were submitted to successive logarithm linearizations in order to obtain initial estimates for the parameters of the multiexponential equations proposed by Topham (1990) . A minimum of five exponential terms was considered in subsequent non-linear regression fits of [P] versus t to eqn. (24) of that paper (Topham, 1990) . The fits show overdetermination, as reported for equations with three or more exponential terms, as several sets of parameters could provide the same calculated data (Zierler, 1981; Bardsley et al., 1986 (Figure 2 ), in accordance with the kinetic analysis.
From eqns. (4) and (5) the prediction of the shape of the progress curves for inactivation assays was possible, according to the value of the ratio r = k/kh. When r > 1, enzyme inactivation would prevail over inhibitor decomposition, leading to a burst phase (V' > V,') such as that observed here (Figure lb These predictions and explanations were not described from the multiexponential equations developed by other authors, although analytical and numerical simulations of the three shapes (r > 1, r = 1 and r < 1) were empirically reported (Topham, 1990) . (Figure 3 ). (Figure 4 ). From these data and choosing the apparent maximum rate, Va""-= 5 x 10-M/s, a Hill plot was obtained (Figure 4 ). This plot was a true curve with the highest linear portion for data points within the -1 to + 1 ordinate range (Dahlquist, 1978; Ricard and Cornish-Bowden, 1987 (Figure 4) showed apparent positive co-operativity, according to the usual criterion h > 1 (Dahlquist, 1978; Neet, 1980; Ricard and Cornish-Bowden, 1987 (Figure 4) is a new type of apparent kinetic co-operativity not previously described (Neet, 1980; Ricard and Cornish-Bowden, 1987 (Topham, 1990 ). (Figure 5 ), which gave rise to the final value of this dissociation constant (Table 1) (Table 1 ). The slope of this linear plot (Figure 6 ) provided an initial estimate of r, the final value of which (Table   1) was obtained from the non-linear regression fit of V, versus [I] o to eqn. (5) (Figure 6 ). The values of kh and r = kilkh led to the calculation of k, (Table 1 ). The efficiency of this procedure was supported by its simplicity and low propagation of errors. Topham (1990) proposed the calculation of k1/kh from seven algebraic operations [eqns. (29) and (30) of that paper], involving parameters of the multiexponential equation, the severe limitations of which were mentioned above. (Table 1) . The values of the kinetic constants (Table 1) (5)].
Conclusions Discontinuous methods
The above-described continuous method is more reliable than discontinuous procedures, as it involves a single measurement of product formation per concentration of reagent, without the removal of samples for further measurements of residual activity. The broad availability of chromogenic and fluorogenic substrates, as well as computer-controlled instrumentation, provides 1000 or more data points per experimental recording, in contrast with the approximately 10-20 data points usually obtained in discontinuous methods, enabling the study of inactivation processes even in the second and millisecond range. The simplicity and speed of this continuous method helps to obtain a significant number of data points (> 10) for the screening of the effect of each reagent. This makes it easier to carry out the experimental assays required to find the appropriate range of concentration of each reagent, below and above Km and K, for instance (Bevington, 1969) .
Continuous methods
The continuous method developed here has a simple and efficient experimental applicability based on exact analytical equations of steady-state and transient-phase kinetics, as well as on reliable data fitting of experimental recordings by simple linear regression and non-linear regression to uniexponential equations. The serious limitations of other theoretical methods (Topham, 1990) have been pointed out. The instrumentation required for these studies is determined by the assay medium, by the kinetic constants of the inactivation system and by the appropriate choice of concentration of the reagents [eqns. (3)- (7)]. This is the first report of the kinetic characterization of irreversible inhibition of trypsin by APMSF at pH 8.0. A new type of apparent kinetic co-operativity was observed, in accordance with that predicted by one of the exact analytical equations derived here.
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